Essential oils obtained by flash vacuum-expansion of peels from lemon, sweet orange, mandarin and grapefruit.
Introduction
Aside from single strength and concentrated juices, massive amounts of peels are recovered from the citrus juice industry. Valorisation of these by-products is achieved in diverse manners: production of pectins, feed for livestock, recovery of essential oils, waxes and flavonoids, and also minor uses such as lemon (Citrus lemon L.) and citron peel (Citrus medica L.) candying, bitter orange peel (Citrus aurantium L.) marmalade and liquors [1] [2] [3] . Citrus essential oils are of major concern to the food (soft drinks), detergent, cosmetic and perfume industries. Most of the citrus essential oils are nowadays recovered simultaneously with the fruit juice extraction as cold-pressed oils by the Food Machinery Corporation (F.M.C.) process [4, 5] . Yields of essential oils depend on the Citrus species, cultivar, area and period of production; typical yields with the F.M.C. procedure are: 3 kg × t -1 of lemons, 1.5 kg × t -1 of sweet oranges and 1 kg × t -1 of grapefruits (Riverbend 1 , pers. commun.).
In the flash vacuum-expansion process, plant materials are first steam-heated for (5 to 10) min at (70 to 90)°C before being instantly introduced into a vacuum chamber at (2 to 5) kPa. This process has occasionally been used for a decade in the wine making industry [6] . When heated grapes enter the vacuum chamber, the grape skin disintegrates due to the instant evaporation of 10% of water and volatile components, thus facilitating the diffusion of skin anthocyanins. After fermentation, red wines from vacuum-expanded grapes are more coloured than those from traditionally processed grapes. Thus, this process can be viewed as an extraction process [7] which could serve for the recovery of volatile compounds from agro-industry wastes.
Since citrus peel essential oils are contained in balloon-shaped vesicles located in the flavedo of citrus peel, we thought that the flash vacuum-expansion process would lead to rupture of the vesicle walls, thus releasing oils which would be recoverable through a condenser. We tested this process on lemon, sweet orange, mandarin and grapefruit peels. 
Materials and methods

Fruits
Solvents and chemicals
The solvents (n-pentane, dichloromethane) were of analytical grade. Reference compounds, if available, and n-alkanes (C 5 -C 22 ) standards were from Aldrich Chimie (SaintQuentin Fallavier, France).
Flash vacuum-expansion experiment
Peels (100 kg) were introduced through a loading funnel into a horizontal stainless steel steam-heating chamber (figure 1) (L = 230 cm, l = 40 cm, h = 50 cm) equipped at its bottom with a rotating twin screw (L = 220 cm, ∅ = 15 cm) for both conveying and steam-heating the peels at normal pressure through steam injection holes (figure 2). Peel exudates and condensed steam were collected through pipes at the heating chamber bottom and discarded. After having passed through the steamheating chamber (7 min), heated peels (85°C to 90°C) were introduced through an airtight feeding pump into a large vacuum vessel (figure 3) (r = 30 cm, h = 150 cm, v = 424 L) where a vacuum (3 kPa) was generated by a vacuum pump cooled by a closed cooling water circuit [8] . Instantly evaporated aromatic liquors (water phase) and essential oils were collected after passage into a condenser (h = 210 cm, ∅= 23 cm); oils were then recovered by centrifugation (9000 g, 5 min) and kept in the cold (-20°C) under argon.
Hydrodistillation
Extraction yields of essential oils by flash vacuum expansion (table I ) were determined by submitting native and vacuumexpanded peels to hydrodistillation. Peels (200 g) were added to distilled water (500 mL), thoroughly mixed at high speed for 3 min in a Waring blender (Waring, USA), and submitted for 3 h to hydrodistillation in a Clevenger-type apparatus.
Extraction of volatile compounds
Aliquots (100 g) of native and vacuumexpanded peels were cryomilled in liquid nitrogen with a Dangoumill 300 freezermill (Prolabo, Paris, France) for 3 min (top impact frequency). An aliquot of the finely pulverised peel (0.5 g) was stirred into 30 mL of azeotropic (pentane/dichloromethane, 2:1) mixture. Phase separation was achieved by centrifugation at 9000 g for 5 min. The upper organic phase was recovered, dried over anhydrous sodium sulphate and finally concentrated at 37°C with a 25 cm Vigreux distillation column to a volume of 2 mL. Prior to GC and GC-MS analysis, solvent extracts were diluted (1/10, v/v) in the above azeotropic mixture. 
GC analysis
GC-MS analysis
A Varian 3300 gas chromatograph coupled to a Fisons Trio-1000 quadrupole mass spectrometer with an electron ionisation mode (EI) generated at 70 eV was used. The ion source temperature was 200°C and the filament emission current was 1 mA. The same columns as above were used for separation. Oven temperature was increased from 40°C to 220°C at a rate of 3°C × min -1 where it was held for 20 min. The injector was heated from 20°C to 245°C at 180°C × min -1 . Detector temperature was 245°C. Helium was the carrier gas at 1.1 mL × min -1 . Electron impact mass spectra were recorded in the (40 to 600) amu (atomic mass unit) range at 1 s interval. Injected volumes were 1 µL of concentrated extract.
Compounds were identified on the basis of linear retention indices on both columns (DB-Wax and DB-1) and EI mass spectra (Electronic impact mass spectra library, Wiley, 275 L and [9] ) from the literature or from authentic standard compounds.
Results and discussion
Extraction of essential oils by flash vacuum-expansion
The essential oil contents of native and vacuum-expanded peels were determined using hydrodistillation and the difference was compared to the oil weight actually recovered in the condensor after vacuumexpansion (table I ).
Amounts of peel essential oils recovered by vacuum-expansion process ranged from 2.41 kg × t -1 of fruit for lemon to 0.64 kg × t -1 for mandarin (table I ). Considering efficient yields calculated as the ratio between actually recovered essential oils by flash vaccuum-expansion versus the theoretical recoverable amount, they ranged from 67% for lemon to 86% for grapefruit, showing the good efficiency of the condensing system. Overall extraction yield (= oil amount actually recovered / oil amount in native peels) varies from 27% of oils effectively contained in the grapefruit peels to 44% for lemon. These yields were comparable to the yields attainable by the F.M.C. process, (3, 1.5 and 1) kg × t -1 for lemons, sweet oranges and grapefruits, respectively (Riverbend 1 , pers. commun.).
Composition of citrus essential oils
Quantitative analysis of volatile compounds were firstly performed on native peels and peels exiting the steam-heating chamber: similar amounts and relative distributions were observed in both cases showing that oils were neither lost, nor damaged by the first steam-heating step.
With regard to the native peel volatile compounds, the four citrus oils obtained by vacuum-expansion were relatively enriched in limonene, the major citrus peel monoterpene hydrocarbon [5] , especially in the case of lemon (table II). The same trend was observed for β-pinene while other monoterpenes remained more or less constant. The behaviour of the sesquiterpenes [cis-and trans-α-bergamotene, β-caryophyllene, α-humulene, (Z)-β-farnesene, valencene, β-bisabolene, and δ-cadinene] was variable, either remaining constant, or decreasing after vacuum-expansion. This relative increase in limonene content is accompanied by a relative decrease in oxygenated compounds.
The relative distribution of volatile components obtained from lemon native peels lay in the range of those reported for Italian lemon peel oils [5] with ~ 65% limonene, 9% β-pinene, ~8% γ-terpinene, ~1.5% β-myrcene and ~1.5% α-pinene. Monoterpene aldehydes, neral and geranial, were present at high levels, ~1% and ~3%, respectively. It must be mentioned that two monoterpene alcohols, nerol and geraniol, were present in very high relative concentrations as compared to Mediterranean or American oils [5, 10] . After vacuum expansion, oil was enriched in monoterpene hydrocarbons (limonene, β-pinene, γ-terpinene, sabinene, α-pinene and β-myrcene). Monoterpene alcohols (linalool, α-terpineol, β-citronellol, nerol and geraniol) and their acetates were drastically reduced while concentrations of monoterpene aldehydes (citronellal, neral and geranial) were divided by a factor of 1.5 to 2 (table II ). Aliphatic aldehydes (hexanal, octanal, nonanal and decanal) were not affected.
The relative distribution of volatile components obtained from sweet orange native peels exhibited a very high proportion of mono-and sesquiterpene hydrocarbons (> 98%) in agreement with previously reported compositions [10] . Apart from valencene which was found in high relative concentration, other compounds (monoterpene and sesquiterpene alcohols and aldehydes) were also found in typical proportions [10] . Vacuum-expansion yielded an essential oil impoverished in monoterpene alcohols, while monoterpene aldehydes and acetates remained unaltered.
The relative distribution of volatile compounds from the native mandarin peels was similar to those from the limonene chemotype of mandarins (Citrus reticulata Blanco group) [11] , showing a high proportion of limonene (~95%) followed by β-myrcene (~2%) and sabinene (~1%), and having a very low γ-terpinene content. It must be noted that two monoterpene aldehydes (neral and geranial) and acetates of monoterpene alcohols were not detected. As in the three other citrus species, relative proportions of monoterpene alcohols (linalol, α-terpineol, β-citronellol and nerol) were lowered by a factor of 2 to 3 in the oils produced by vacuum-expansion. An aliphatic aldehyde, decanal, was × 4 concentrated in this oil. Sesquiterpene aldehydes (α-and β-sinensal) were lowered by a factor of 3.
The relative distribution of volatile compounds from the native grapefruit peels was typical [10, 12] , exhibiting a high limonene Essential oils from citrus content (~ 95%) and decreasing proportions of β-myrcene (~1.9%), α-pinene (~0.5%) and sabinene (~0.3%). Linalool and α-terpineol were the major monoterpene alcohols (~0.1% to 0.15%) of the native peel oil, and their relative levels were divided by a factor of 2 after vacuum-expansion like other monoterpenols, β-citronellol, nerol and geraniol. Finally, the concentration of nootkatone, a typical grapefruit volatile component [13] , decreased from (0.3 to 0.05)% after vacuum-expansion (table II ).
Conclusion
The flash vacuum-expansion process, when applied to peels from different Citrus species (lemon, sweet orange, mandarin and grapefruit), afforded essential oils in yields equivalent to those attainable by the F.M.C. process. Oils were relatively enriched in limonene with a correlative impoverishment in oxygenated compounds (monoterpene alcohols, aldehydes and esters) while aliphatic aldehydes either remained stable or proportionally increased. 
